S
ize is a fundamental biological feature that impacts physiology at all levels, from organism to organ to cell to subcellular structures/ organelles. One basic aspect of size is its absolute value, which has upper and lower limits because of functional requirements. For example, a vertebrate organ, such as an eye or an inner ear, may require a minimum number of cells, or a minimum physical size, to operate. Importantly, surface area and volume scale differently with size, and this also has physiological consequences at both the organism and cellular levels, affecting basic processes, such as desiccation and diffusion. A second important feature of size is scaling relationships, as the overall size of an organism or tissue is determined both by cell size and cell number. At the subcellular level, size scaling may or may not occur depending on the organelle, as absolute values are constrained by the nature and flexibility of constituent molecular building blocks. For example, whereas the size of the nucleus varies significantly and scales with cell size, organelle transport vesicles are of more uniform size owing to the conserved structure of their coat proteins. Extremes in amphibian size and scaling relationships derive primarily from dramatic variations in genome size, and provide instructive examples of size relationships, underlying molecular mechanisms, and above all the remarkable flexibility and power of evolution to adapt biological function across a wide range of size scales.
AMPHIBIAN BODY SIZE LIMITS
Body size is one of the most significant organismal traits because it influences so many biological attributes. These include development, physiology, such as locomotion and reproductive biology, behavior, such as feeding, and ecology, including habitat and relationships with other species. Living amphibians consist of three clades: Anura (frogs and toads), Caudata or Urodela (salamanders, of which newts are one type) and Gymnophiona (caecillians-legless, snake-like organisms). Amphibians range in length over 250-fold. At one extreme is the smallest known vertebrate at 7 mm long, the frog Paedophryne amanuensis (Rittmeyer et al. 2012) , whereas the Goliath frog (Conraua goliath) can grow up to 33 cm, and the Chinese salamander (Andrias davidianis) to 1.8 m (Frost 2014) .
Different body sizes come with distinct advantages and disadvantages. Large amphibians have fewer predators, a lower metabolic rate, and they can more easily maintain their temperature and hydration than small amphibians. What establishes the upper limit to amphibian size is unknown, and, in some cases, amphibians increase in size throughout adulthood, a phenomenon called indeterminate growth, which is discussed in Hariharan et al. (2015) . Leaving environmental issues, such as food and space, aside, the maximum size for land vertebrates is limited by allometric scaling laws. For example, whereas the cross-sectional strength of the skeleton increases as the square of the length, weight increases as the cube. So, weight increases faster than strength and, although bone mass can increase, at some maximum size, a large land animal can no longer support itself (Hokkanen 1986 ). Although lower metabolic rates enable large species to survive longer without food, more food and space are required, making habitat and environmental range crucial. The largest amphibian that ever existed is thought to be Prionosuchus, which reached an estimated length of 9 m in the middle Permian period (270 million years ago), occupying the ecological niche of crocodiles and alligators in what is now northeastern Brazil (Fox and Hutchinson 1991) .
At 7 mm, the lower size limit for amphibians is indeed miniscule. Miniaturization has been documented in all three clades, and occurred independently many times during evolution. Although their size makes the smallest amphibians vulnerable to more predators, including insects (Rittmeyer et al. 2012) , it also enables them to hide more easily, exploit alternate food sources, use physically smaller niches, and attain reproductive ability at an earlier age (Zimkus et al. 2012) . In contrast, the endothermic metabolism of birds and mammals dictates a larger minimum adult body size. A major disadvantage to small body size is susceptibility to desiccation, given their high surface-areato-volume ratio. Miniaturized frogs, therefore, inhabit tropical wet-forest leaf litter or dense, moist moss.
What are the mechanisms that allow amphibians to evolve different body sizes? To become bigger, growth rates and/or the period of growth must increase. Underlying molecular mechanisms have not been studied in amphibians, but among dogs, which display the greatest diversity in size among land vertebrates, insulin-like growth-factor signaling has been strongly implicated (Sutter et al. 2007; Hoopes et al. 2012) . More interesting perhaps is animal miniaturization. Miniature species often bear a strong resemblance to juveniles, resulting from either precocious cessation of growth or reduction in growth rate. Again, the molecular mechanisms are unknown, but extreme size reduction is accompanied by morphological novelty, as the distinct functions of different body parts and organs necessitate different scaling relationships (Hanken and Thorogood 1993) . For example, the inner ear scales smaller at a lower rate than the body as a whole. To compensate, miniaturized amphibians have rearranged the adjacent skull and jaw (Hanken 1983) . Thus, miniaturization has important physiological consequences including reduced function or even loss of organs, loss of digits, and simplification of other external structures. A lower size limit may, therefore, be dictated by a number of different organ systems that require a minimum size to function properly. In addition, small species tend to have fewer offspring, because organs fill most of the body cavity with little space leftover for eggs (Hedges 2008) , making miniature species less adaptable to environmental challenges. However, evolution to different body sizes may also allow species to populate new habitats and promote successful radiation and coexistence with other species. Thus, size variation is a widespread evolutionary tactic among amphibians, with the scaling features of essential body systems setting both upper and lower size limits.
CELL -ORGANISM SCALING RELATIONSHIPS, PHYSIOLOGY AND DEVELOPMENT
How does organism size relate to the size of its constituent cells? Although cell size varies widely depending on the tissue and developmental state of an organism, among mammals, it is primarily the number of cells that differs among different-sized species. This correlates with the relatively low variation in DNA content among mammalian cells, in the range of 1-4 pg/nucleus (Gregory 2001a) . In contrast, especially large variation has been noted in salamanders, with genome sizes ranging from 14 to 120 pg/ nucleus. Corresponding changes in cell size occur, but body size is not always correlative. For example, one salamander species of the genus Thorius possesses a large genome (25 pg) and large cells, but is small (Sessions and Larson 1987; Hanken and Thorogood 1993) . However, in certain frog species, such as Xenopus laevis and Xenopus tropicalis, body size scales with genome size and cell size. X. laevis is allotetraploid (a hybrid species with both parental genomes present in gametes: 36 chromosomes) and larger ( 10 cm adults), whereas X. tropicalis is diploid (20 chromosomes) and smaller ( 4 cm adults). Scaling at the organismal and genome levels is accompanied by differences in the size of the egg as well as that of subcellular structures formed in egg extracts, including nuclei and mitotic spindles (discussed below) (Levy and Heald 2012; Edens and Levy 2014b) . Despite their size differences, the close phylogenetic relationship between these two species allows the production of hybrid embryos by cross-fertilization (Burki 1985; Narbonne et al. 2011) . Interestingly, fertilization of large X. laevis eggs with X. tropicalis sperm gives rise to swimming tadpoles and even frogs that are of intermediate size between the two species, providing a unique opportunity to explore the contribution of genome and maternal components to cell and organism size. In contrast, embryos of the reverse hybrid, small X. tropicalis eggs fertilized with X. laevis sperm, die as late blastulae. It is not yet clear whether the difference in viability stems from size relationships or is caused by lack of maternally derived species-specific factors (Narbonne et al. 2012) . Perhaps a large egg can accommodate a genome smaller than normal, whereas a small egg cannot tolerate a larger set of chromosomes. Exploring the origin of incompatibility and cause of death in these hybrids may shed light on the importance of scaling cell size to genome size.
What are the developmental consequences of different cell -organism scaling relationships? Species that are the same physical size but possess different genome and cell sizes likely also differ in ways that significantly affect morphogenesis, growth, and adult morphology. If animal size is held constant, then the larger the cells, the fewer their number, which provides fewer building blocks and requires morphological modification and/or simplification ( Fig.  1A-E ). For example, polyploid newt larvae (Notophthalmus viridescens) possess large cells that pose a challenge in the kidney, where they must undergo more dramatic shape changes than in diploid animals to form kidney tubules and ducts of normal dimensions. Similarly, the thickness of the lens epithelium of the eye is unchanged in polyploids where fewer cells undergo more extensive flattening (Fankhauser 1945a) . Salamanders of the genus Hydromantes have the largest genome of any terrestrial amphibian, and also possess one of the most simplified brains of any vertebrate. The relationship between cell size and brain morphology is discussed at length in Roth and Walkowiak (2015) .
Scaling of cell and tissue size has also been investigated in the circulatory system. Erythrocyte sizes have been most thoroughly documented because of the facility with which blood Eurycea bislineata (northern two-lined salamander) larvae of differing ploidy are shown. Polyploids occur spontaneously in nature at a frequency of 5% -10% for triploids and ,1% for tetraploids. With increasing ploidy, cell sizes increase and cell numbers decrease, so that, ultimately, animal size remains roughly constant. In this image, one notes fewer and larger pigment cells in the head of the tetraploid as compared with the diploid. (From Fankhauser 1939 ; reprinted, with permission, from Oxford University Press # 1939.) (B) Nuclei in the tetraploid epidermal cells are much larger than in the diploid, and, by inference, cell size is also greater. It is evident from the metaphase cells that chromosome number is much greater in the tetraploid. (From Fankhauser 1939;  reprinted, with permission, from Oxford University Press # 1939.) (C ) The pentaploid Notophthalmus viridescens (eastern newt) larva at 5.5 wk of age appears similar to the diploid, except for the altered size and number of pigment cells. Spontaneous pentaploids are found in nature at a frequency of ,1%. Polyploidy can also be induced by heat treatment (Fankhauser and Watson 1942) . (Legend continues on following page.)
can be collected and analyzed. At the upper end of the spectrum among vertebrate somatic cells, erythrocytes from Amphiuma tridactylum, an aquatic salamander, measure 66 Â 37 Â 15 mm at their greatest thickness (Hartman and Lessler 1964; Gregory 2011) . Some of the smallest recorded amphibian cells are erythrocytes from X. tropicalis and Pyxicephalus adspersus with diameters 6 mm, similar to typical mammalian erythrocytes (Horner and Macgregor 1983; Gregory 2011) . Across a number of urodele and anuran species, red blood cell size scales with capillary diameter. This trend extends to mammals that have much thinner capillaries and more deformable red blood cells that lack nuclei (Safranyos et al. 1983; Snyder and Sheafor 1999) . Interestingly, five clades of salamanders in the family Plethodontidae that have large genomes and small body sizes have evolved high levels of enucleated blood cells, which is highly unusual in nonmammalian vertebrate species, and is likely a response to rheological problems associated with the circulation of large blood cells in these small animals ( Fig. 1F) (Mueller et al. 2008) .
In cases where cell size scales with animal size, the lower limit to cell size (discussed below) dictates that miniature amphibians face a similar problem of low cell numbers and must adapt. Although development to the tadpole stage appears quite similar comparing X. laevis and X. tropicalis, a tiny related frog Hymenochirus (2.5 cm) may have reached a cell number low enough to affect its development, but this has not been directly shown. Interestingly, Hymenochirus tadpoles with a body length of 2.6 mm are the smallest known vertebrate predators (Deban and Olson 2002) . However, it appears that development in many amphibians is overall quite tolerant to changes in cell number. Decreasing cell numbers in Xenopus by blocking cell division or removing many totipotent blastula cells yields embryos that contain fewer cells but possess normal morphology (Cooke 1973 (Cooke , 1981 . Thus, situations that generate small cell numbers-miniaturization or large genomescan be accommodated in development but frequently require developmental modification and morphological simplification.
Other support for a potential link between organism size and mechanisms of development comes from the observation that of the 29 smallest frogs, 24 (83%) lack a larval tadpole stage and develop directly (Rittmeyer et al. 2012) . Like frog miniaturization, direct development has arisen independently on multiple occasions (Duellman and Trueb 1986) , and is associated with adoption of a terrestrial life style. The eggs of frogs that develop directly require a very high yolk content and most are (From Fankhauser 1945b ; reprinted, with permission, from The University of Chicago Press # 1945.) (D) Polyploid Notophthalmus viridescens larvae that arose spontaneously in the laboratory were fixed, sectioned, and diagramed to show tissue morphology. Although boundaries between adjacent cells are not apparent, the spacing of nuclei approximates cell sizes and positions. Cross-sections of pronephric tubules from 35-to 40-d-old larvae are shown. Tubule sizes and wall diameters are roughly the same in all three animals despite large differences in cell size and number. Increasing ploidy necessitates more dramatic cell shape changes to maintain normal tissue morphology. At some ploidy extreme, cell size must be too large to accommodate the requisite shape changes; indeed, morphological defects become apparent in highly polyploid animals (Fankhauser 1945b) . (From Fankhauser 1945a ; reprinted, with permission, from Wiley-Liss, A Wiley Company # 1945.) (E) The morphology of the epithelium covering the outer half of the lens was examined for the same animals described in D. The thickness of the epithelium is the same independent of ploidy, requiring cells to take on a much more elongated and flattened morphology with increasing ploidy. In contrast to the pronephric tubules, in the lens epithelium, the shape of the nuclei must also change to maintain normal tissue thickness. (From Fankhauser 1945a ; reprinted, with permission, from Wiley-Liss, AWiley Company # 1945.) (F ) Photomicrographs of erythrocytes from three species of Batrachoseps salamanders are shown. Batrachoseps campi is a nonattenuate species and most of its erythrocytes are nucleated, whereas the other two smaller species show varying degrees of enucleation. One explanation for this adaptation in the miniaturized species is to facilitate circulation by reducing erythrocyte size. Scale bar, 40 mm (A-F ). (From Mueller et al. 2008; reprinted, with permission, from Elsevier # 2008.) .3 mm in diameter, as compared with 1.3-to 1.8-mm-diameter eggs common among frogs with tadpoles (Fig. 2) . To compensate for reduced fitness associated with large eggs and to increase reproductive capacity, some species of the African genus Nectophrynoides are oviductally viviparous, which means that developing embryos are retained in the oviduct. Epithelial cells secrete a highly nutritious material that is orally ingested by the fetuses and supports their growth, allowing clutch sizes of more than 100 froglets (Wake 1980 (Wake , 1993 Figure 2 . Relationship between egg diameter and snout-vent length of newly transformed froglets of various species. Direct developers ( purple) generally have larger eggs and smaller froglets, with egg and froglet size scaling among species. In comparison, egg and froglet size do not correlate for biphasic developers with tadpoles (green). Pipa pipa, a biphasic frog with a large egg, develops from a nonfeeding tadpole under a layer of skin on the mother's back. Despite their size differences at metamorphosis, Rana pipiens and Rana catesbeiana reach similar sizes as adults. Conraua goliath and Pyxicephalus adspersus become the largest adult frogs and can exceed 25 cm in length. Embryos of the Andean marsupial tree frog Gastrotheca riobambae develop in the female's dorsal pouch. Its tailed appendage, an extension of the cloaca of males, makes Ascaphus truei distinct, and improves breeding success by minimizing loss of sperm in the turbulent streams inhabited by this species.
(Adapted from data in Callery 2006.) What is the contribution of a larval (tadpole) stage to frog size? There is wide variation in tadpole size and it correlates with egg size, but not always with postmetamorphic frog size (Fig.  2) . For example, the frog Pseudis paradoxa was so named because of the discrepancy in size between its large tadpole and its relatively small adult, and an early study confusing size with age had the frog transforming into the tadpole during ontogeny (Gans 1956; Emerson 1988) . The main function of the tadpole is to feed and increase body mass. Thus, growth is biphasic, and body size can increase during the tadpole stage, postmetamorphosis, or both. Environmental factors like predators and population density affect how soon metamorphosis occurs, but size at transformation is characteristic of a species, indicating a genetic component to metamorphic size determination, which is implemented through thyroid hormone signaling (Laudet 2011) . Transgenic X. laevis tadpoles overexpressing growth hormone were larger than normal, but underwent metamorphosis at the same time as their wild-type siblings, generating large frogs with symptoms reminiscent of acromegaly (Huang and Brown 2000) . Interestingly, biphasic growth is lost in frogs that develop directly, as the embryonic and metamorphic periods overlap and growth occurs more continuously. In summary, at the level of the organism, amphibians illustrate extreme flexibility in the size of constituent cells, which has led to interesting adaptations in tissues and during embryonic development. Differences in genome size correlate with cell-size changes, but the underlying mechanisms are unknown (discussed in Mueller 2015) . Diverse organism -cell-size relationships in amphibians provide a unique opportunity to study the physiological consequences and constraints of differences in cell size and number, and the mechanisms by which overall animal size is determined.
UPPER AND LOWER CELL-SIZE LIMITS AND MECHANISMS
There appear to be intrinsic limitations to cell size, and amphibian extremes have provided insight into cell-size regulation and mechanisms that accommodate cell-size differences. Determinants of minimal cell size include a cell volume large enough to contain the organelles and biomolecules essential for viability, as well as surface area sufficient to accommodate receptors necessary for sensing, signaling, and attachment. As cell size increases, volume increases as the cube of the length while surface area lags behind, scaling as the square, assuming roughly spheroid or ellipsoid cell morphology. As a consequence, large cells might lack sufficient surface area to take up nutrients required to sustain their metabolism. Eggs and cells of early amphibian embryos that are hundreds of micrometers in size exceed the theoretical upper limit, and some amphibian eggs are over 6 mm in size (Collazo and Keller 2010) , orders of magnitude greater than the largest somatic cells. The solution to this potential size problem is that large eggs are packed with sufficient proteins and membranes to generate a few thousand cells during rapid cleavage divisions, as well as intracellular yolk platelets that sustain the embryo until the swimming tadpole stage, or froglet in the case of direct development (Jorgensen et al. 2009 ). An interesting consequence of the embryonic cleavage divisions is that components preloaded in the egg become limiting as cellularization proceeds, providing mechanisms to regulate developmental timing as discussed in Amodeo and Skotheim (2015) . Researchers have long taken advantage of Xenopus eggs that can be obtained in large amounts and are stockpiled with cellular contents by preparing cytoplasmic egg extracts that recapitulate cell-cycle events and organelle assembly in vitro (Chan and Forbes 2006; Maresca and Heald 2006) . Intracellular diffusion poses a problem for large cells. For example, the whole-cell reorganization that occurs when a cell divides requires synchronous activation of the mitotic kinase Cdk1 throughout the cell to induce downstream events, including chromosome condensation, spindle formation, and cytokinesis. For a typical somatic cell with a radius of 10 mm, it takes only seconds for activated Cdk1 to spread throughout the cytoplasm, whereas diffusion across a 600-mm-diameter egg would require 2 h. The solution to this problem is the generation of "trigger waves" of Cdk1 activation through a positive feedback loop of kinase activation by posttranslational modification. Mitotic kinase activity was observed to spread at 40 times the rate of diffusion through a Teflon tube containing Xenopus egg extract (Chang and Ferrell 2013) . Another mechanism is directed transport of molecular cargos by motor proteins along cytoskeletal tracks of filamentous actin and microtubules, for example, to achieve polarized localization of RNA developmental cues in amphibian oocytes (Marracci et al. 2011; Gagnon et al. 2013) . Surprisingly, gravity is also relevant to intracellular organization in large cells and even organelles. Xenopus oocyte nuclei possess an actin array that maintains organization of large ribonucleoprotein complexes in the face of gravity, and disruption of this network results in sedimentation and fusion of nucleoli and histone locus bodies (Brangwynne 2013; Feric and Brangwynne 2013) .
Biomechanical properties of the cell division machinery face challenges at the extremes of cell size. For example, spindles in the large cells of early frog embryos show an upper size limit, which may be set by the intrinsic length scale of their constituent microtubules (Wühr et al. 2008; Marshall et al. 2012) . Nevertheless, the microtubule cytoskeleton mediates largescale chromosome movements at mitotic exit, as discussed in Mitchison et al. (2015) . Assembly properties of the actomyosin contractile ring could also be important, limiting the size of cells able to undergo successful cytokinesis. This problem has been overcome in large amphibian eggs .2-3 mm in diameter by a process of irregular, partial cell divisions, termed meroblastic cleavages (Collazo and Keller 2010; Marshall et al. 2012) , and maximal amphibian egg size is likely constrained by the processes of cleavage and gastrulation. At the other extreme, small cells would face problems with cell division if chromosome length exceeded cell length, preventing their proper segregation, or if components necessary to form a functional cell division apparatus became limiting at small volumes. A lower spindle size limit was observed in encapsulated droplets of Xenopus extract, as compartments smaller than 20 mm in diameter failed to support meiotic spindle assembly (Good et al. 2013) . In addition to limiting components, another possible explanation is that microtubule dynamics become compromised at small length scales, as illustrated by centrosome-positioning defects observed in small microfabricated chambers in which microtubules buckle when they contact the chamber periphery (Faivre-Moskalenko and Dogterom 2002). Indeed, abnormal mitotic cell size and shape can alter spindle assembly and positioning and interfere with proper chromosome capture (Cadart et al. 2014) .
A major factor determining cell size is genome size (Sessions and Larson 1987; CavalierSmith 2005) . It has long been observed that genome and cell size scale, and this is particularly striking in the case of amphibians (Fig. 3 ) (Horner and Macgregor 1983; Gregory 2001a,b) . In general, amphibian genomes are larger than those of mammals, with the largest amphibian genome measuring 121 pg (Gulf Coast waterdog Necturus lewisi) (Gregory et al. 2007 ). Interestingly, species with the largest genomes, such as amoeba, are unicellular, suggesting that multicellularity imposes an upper limit to genome size (Gregory 2014) . Hybridization and whole genome duplication are common in amphibians and frequently lead to increased cell size as documented in a variety of polyploid species (Fankhauser 1939 (Fankhauser , 1945a Pollack and Koves 1977; Winklbauer and Hausen 1985; Mable et al. 2011) . The wide range of genome and cell sizes among amphibians enable studies of the consequences for organismal physiology. For example, metabolic rate scales inversely with genome size (Gregory 2003; Vinogradov and Anatskaya 2006) , and cell size affects development and tissue architecture as described above (Fig. 1) .
What are the underlying mechanisms that regulate cell size and do cells actively sense their size? In principle, cell size is determined by the balanced regulation of cell division and cell growth. Potential mechanisms linking genome size and cell size are discussed in Roth and Walkowiak (2015) , Amodeo and Skotheim (2015) , and Mueller (2015) . In turn, cell growth, division, and differentiation status determine the size of tissues and organs. The urodele amphib-ians are particularly fascinating in this respect, being the only adult vertebrates capable of limb regeneration. Upon amputation or tissue removal, postmitotic cells beneath the wound epidermis dedifferentiate and reenter the cell cycle to allow for tissue growth to regenerate a limb of the correct size (Brockes 1997; Roensch et al. 2013 ).
SUBCELLULAR SIZE REGULATION IN AMPHIBIANS
How do the sizes of intracellular organelles and structures vary to accommodate differences in cell size? General mechanisms of subcellular size control are discussed in detail in Marshall Ambystoma maculatum 2n, 3n, 4n (Gregory 2001a) Xenopus laevis 2n and 4n (George and Lennartz 1980) Neobatrachus 2n and 4n (Mahony and Robinson 1980) Pleurodeles waltii 2n, 3n, 4n, 5n Pleurodeles waltii 2n and 4n 60 80 100
Genomic DNA per nucleus (pg) 120 140 160 180 Figure 3 . Relationship between red blood cell size and genome size among amphibians and mammals. Diamonds show genome and erythrocyte sizes for different species of urodela (red), anura (blue), and mammals (green), using data obtained from online sources. (From Gregory et al. 2007 ; with permission from Oxford University Press # 2007; and Gregory 2014.) Best-fit lines for these three groups are shown. Included here are only those species for which both genome size and dry red blood cell area have been reported. Unless otherwise noted, data along the x-axis reflects diploid genome size (i.e., twice the C-value). Amphibian erythrocytes and genomes scale to significantly larger sizes than mammals, which appear to have a less steep curve. However, this may not be the best comparison because mammalian red blood cells lack nuclei. Hybridization and whole genome duplication are common in amphibians and may explain why amphibian genomes and cell sizes span a much larger size range than other animals. The circles on the plot show data from the same amphibian species with differing ploidy. In these cases, erythrocyte sizes were either reported or estimated from images in the literature George and Lennartz 1980; Mahony and Robinson 1980; Bogart and Licht 1986; Gregory 2001a) . Interestingly, the polyploid data scale similarly to the diploid species. Among amphibians, erythrocyte size correlates with cell sizes in other tissues (Kozlowski et al. 2010) , and the data plotted here are consistent with ploidy effects on cell size in other tissue types, including the Rana pipiens spinal cord (Pollack and Koves 1977) , X. laevis lateral line (Winklbauer and Hausen 1985) , and multiple different organs in newts and salamanders (Fankhauser 1939 (Fankhauser , 1945a . 2015) and Reber and Goehring (2015) . Amphibians, and Xenopus frogs in particular, have provided unique approaches to elucidate scaling mechanisms, both among species with different-sized cells as well as during development when cleavage divisions rapidly give rise to smaller and smaller cells (Fig. 4) . Here, we focus on intracellular structures that have been shown to exhibit size scaling, namely, the interphase nucleus, mitotic spindle, and mitotic chromosomes. Much less is known about scaling of other organelles in amphibians, like the endoplasmic reticulum (ER) and Golgi. Some structures, such as vesicles, are more uniform in size and less likely to be influenced by cell size and instead may scale to the size of their cargoes (Jin et al. 2012) .
The size of the nucleus is intimately linked to that of the cell and genome across many different species, and this is certainly true for amphibians (Wilson 1925; Horner and Macgregor 1983; Gregory et al. 2007; Gregory 2011) . Genome size and the degree of chromatin compaction likely define a lower limit for nuclear size. However, it is also clear that genome size is not the only determinant of nuclear size. Dramatic changes in nuclear size during embryonic development and cell differentiation are generally independent of altered ploidy (Butler et al. 2009; Edens et al. 2013) . Different cell types within the same multicellular organism also show differences in nuclear size, although some of this variability may be attributable to cell-type-specific differences in the quantity of nuclear DNA, as discussed in Gillooly et al. (2015) . Cancer cells also frequently show nuclear enlargement independent of large-scale changes in karyotype (Tapon et al. 2001; Cremer et al. 2003; Zink et al. 2004; . With respect to chromatin compaction, genome size expansion has been accompanied by evolutionary changes in histone 2A sequences that mediate increased compaction of larger genomes, potentially impacting nuclear size (Macadangdang et al. 2014) .
If genome size sets a minimum to nuclear size, are there upper limits? There may be mechanical limits to nuclear size, for instance, large nuclei expanding in Xenopus egg extract will rupture (Levy and Heald 2010) . Nuclei may be enlarged in cells requiring increased nuclear function. Cancer cells with large nuclei show increased metabolism, gene expression, and rates of cell proliferation. Whether these changes in nuclear function are a cause or consequence of altered nuclear size is an open question. Regulation of nuclear size might alter chromatin organization and gene expression, contributing to cell-type specification during development and cell differentiation, or impact the concentrations and diffusion rates of nuclear macromolecules, thereby affecting reaction and assembly kinetics. For example, altering nuclear size and the nucleocytoplasmic ratio in early Xenopus embryos affects the timing of the midblastula transition (Jevtic and Levy 2015) .
What are the mechanisms that regulate nuclear size? Since the early 20th century, it was Nieuwkoop and Faber (1967) . Nuclei were isolated from Xenopus embryos arrested in late interphase with cycloheximide, to ensure complete karyomere fusion in early stage embryos. Nuclei were visualized as in A. Scale bar, 20 mm. (From Levy and Heald 2010; adapted, with permission, from Elsevier # 2010.) In vitro spindles were reconstituted in X. laevis egg or embryo extracts and visualized for tubulin (red) and DNA (blue). In vivo X. laevis spindles were imaged by tubulin immunofluorescence (gray) and shows tubulin (yellow) and DNA (red) staining. (All spindle images from Wilbur and Heald 2013; adapted and made available using a Creative Commons Attribution License, except for the stage 6 in vivo spindle image from Wühr et al. 2008 ; adapted, with permission, from Elsevier # 2008.) Scale bar, 10 mm. (C ) Scaling of spindle length by limiting cytoplasmic volume was shown using a microfluidic encapsulation technique. Cytoplasm refers to X. laevis egg extract and DNA refers to demembranated X. laevis sperm. The boundaries of the in vitro assembled cell-like compartments consist of PEG 30 -PHS ( polyhydroxystearate), and droplet size was tuned by varying dimensions and flow rates within the microfluidic devices. Spindles assembled in small droplets are smaller than in large droplets, mirroring spindle length scaling that occurs in X. laevis embryos during early development. Scale bar, 20 mm. (From Good et al. 2013 ; adapted, with permission, from the authors.) Similar results were reported in Hazel et al. (2013). known that the nucleocytoplasmic ratio, the ratio of nuclear to cytoplasmic volumes, is relatively constant (Wilson 1925) . Classic Xenopus studies supported the idea that cytoplasmic components regulate nuclear size. For instance, injection of isolated HeLa nuclei into X. laevis oocytes caused the nuclei to expand (Gurdon 1976 ). More recently, nuclear scaling between different-sized frog species was recapitulated using egg extracts from X. laevis and X. tropicalis (Levy and Heald 2010) . Developmental nuclear scaling has also been studied in Xenopus, as nuclear size decreases during early embryogenesis (Gerhart 1980; Montag et al. 1988; Levy and Heald 2010) . A simplified mechanism for nuclear scaling arising from these Xenopus studies is that limiting import through nuclear pores, perhaps of structural components, such as nuclear lamins, restricts nuclear growth. It seems reasonable that structural components of the nucleus determine nuclear size, and limiting component models for the regulation of nuclear size have been advanced (Goehring and Hyman 2012) . However, more dynamic mechanisms may be at play, for instance, through balanced rates of assembly and disassembly (Marshall 2002 (Marshall , 2008 Edens and Levy 2014a) . Furthermore, extranuclear structures and cell-cycle events also contribute to the regulation of nuclear size and morphology (Edens et al. 2013; .
The mitotic spindle is another example of a dynamic macromolecular structure that scales to cell size. Mechanisms of spindle size regulation have been elucidated in a variety of different Xenopus systems, as discussed in detail in Mitchison et al. (2015) (Brown et al. 2007; Wühr et al. 2008; Loughlin et al. 2011; Good et al. 2013; Hazel et al. 2013; Wilbur and Heald 2013) . One common mechanism is that microtubule depolymerization kinetics contribute to spindle length scaling. It has also become apparent that spindle architecture and assembly mechanisms differ between large and small spindles (Wilbur and Heald 2013) . One factor contributing to these differences was recently identified as the spindle assembly factor TPX2, which is present at threefold higher levels in X. tropicalis egg extracts compared with X. laevis (Helmke and Heald 2014) . Increasing TPX2 levels in X. laevis to match those in X. tropicalis not only reduced spindle length but also caused rearrangement of spindle microtubules, leading to a more X. tropicalis -like spindle morphology. Spindle size, morphology, and dynamics also vary in different cell types within the same species to facilitate chromosome segregation. For example, X. laevis neural epithelial cells show reduced microtubule density at the spindle midzone and more dramatic chromosome movements during anaphase compared with other cell types, and this is regulated by levels of the microtubule-binding protein PRC1 (Kieserman et al. 2008) .
Studies of chromosome scaling during Xenopus development show that mitotic chromosome sizes do not scale with cell size in the early embryo, but become progressively smaller through the blastula and neurula stages (Micheli et al. 1993; Kieserman and Heald 2011) . Compared with scaling of the nucleus and spindle by cytoplasmic factors, developmental mitotic chromosome scaling seems to be intrinsically determined by chromosome architecture and regulated expression of chromatin proteins, although the relevant scaling factors remain to be identified. Interestingly, whereas increasing nuclear size in egg extracts before mitosis did not affect mitotic chromosome size unless the DNA replicated (Kieserman and Heald 2011) , inhibiting nuclear growth resulted in shorter, thicker mitotic chromosomes, suggesting that mitotic chromosome size may be modulated by increasing but not decreasing nuclear DNA density (Hara et al. 2013) . Overall, Xenopus developmental scaling of mitotic chromosome size mirrors spindle scaling as cells become small enough that the distance that chromosomes can separate is constrained (Wühr et al. 2008; Field and Lenart 2011; Kieserman and Heald 2011; Levy and Heald 2012) .
CONCLUDING REMARKS
Because of their wide-ranging sizes at the organismal, genome, cellular, and subcellular levels, amphibians have provided powerful approaches to study size relationships and the effects of large genome and cell sizes as well as animal miniaturization on physiology and development. Xenopus extracts remain the only system to recapitulate complex physiological processes in vitro and have facilitated the molecular identification of subcellular scaling factors. More generally, research in Xenopus has led to the discovery of fundamental principles and mechanisms of cell biology and development including key cell-cycle regulators and the developmental reprogramming that underlies animal cloning, as well as a variety of genes and mechanisms operating during embryogenesis and patterning (Gurdon et al. 1958; Harland and Grainger 2011) . Many of the key findings relate to size and growth mechanisms, and frog systems are likely to continue to drive the field of biological size control. Other species of amphibians provide novel opportunities to investigate direct development and regeneration (Brockes 1997; Callery 2006; Roensch et al. 2013; Simon and Tanaka 2013) . Stay tuned as unique amphibian systems continue to teach us valuable lessons about conserved mechanisms of biological size and scaling.
